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Charge compensation in RE3+ (RE ¼ Eu, Gd) and M+
(M ¼ Li, Na, K) co-doped alkaline earth
nanoﬂuorides obtained bymicrowave reaction with
reactive ionic liquids leading to improved optical
properties†
C. Lorbeer,a F. Behrends,b J. Cybinska,ac H. Eckertbd and A.-V. Mudring*ae
Alkaline earth ﬂuorides are extraordinarily promising host matrices for phosphor materials with regard to
rare earth doping. In particular, quantum cutting materials, which might considerably enhance the
eﬃciency of mercury-free ﬂuorescent lamps or SC solar cells, are often based on rare earth containing
crystalline ﬂuorides such as NaGdF4, GdF3 or LaF3. Substituting most of the precious rare earth ions and
simultaneously retaining the eﬃciency of the phosphor is a major goal. Alkaline earth ﬂuoride
nanoparticles doped with trivalent lanthanide ions (which are required for the quantum cutting
phenomenon) were prepared via a microwave assisted method in ionic liquids. As doping trivalent ions
into a host with divalent cations requires charge compensation, this eﬀect was thoroughly studied by
powder X-ray and electron diﬀraction, luminescence spectroscopy and 23Na, 139La and 19F solid state
NMR spectroscopy. Monovalent alkali ions were codoped with the trivalent lanthanide ions to relieve
stress and achieve a better crystallinity and higher quantum cutting abilities of the prepared material. 19F-
magic angle spinning (MAS)-NMR-spectra, assisted by 19F{23Na} rotational echo double resonance
(REDOR) studies, reveal distinct local ﬂuoride environments, the populations of which are discussed in
relation to spatial distribution and clustering models. In the co-doped samples, ﬂuoride species having
both Na+ and La3+ ions within their coordination sphere can be identiﬁed and quantiﬁed. This interplay
of mono- and trivalent ions in the CaF2 lattice appears to be an eﬃcient charge compensation
mechanism that allows for improved performance characteristics of such co-doped phosphor materials.
Introduction
The alkaline earth uorides MF2 (M¼ Ca, Sr, Ba) are well known
host materials for numerous applications in the eld of scin-
tillators and phosphor materials. Apart from benets arising
from the large band gap, the low phonon energy, and the rela-
tively high pyrohydrolytic stability, alkaline earth uorides are
quite cheap owing to the large natural abundance of the
alkaline earth salts.1 Commonly, rare earth ions are doped into
such matrices to create extrinsic luminescence. The introduc-
tion of trivalent lanthanide ions into the divalent alkaline earth
uoride lattice leads to the formation of solid solutions, in
which the Ln3+ ion substitutes a M2+ ion and the initial cubic
lattice persists.2 However, the diﬀerence in charge between the
trivalent lanthanide and the divalent alkaline earth ions
requires compensation, potentially leading to defects such as
interstitial uoride ions and/or defect aggregation (oen called
“cluster formation”). Numerous studies of the charge compen-
sating species and mechanism have been carried out by means
of NMR, Raman, EPR, conductometry, dielectric losses, X-ray
and neutron diﬀraction or luminescence spectroscopy, amongst
others.3–8 Nevertheless, contradictory results have been
obtained and it has been realized that the resulting site
symmetry of the lanthanide ion is strongly dependent on the
nature of the alkali earth metal ion and the lanthanide ion, as
well as on the dopant concentration. Additionally, the thermal
history, oxygen impurities, and defects inuence the charge
compensation process.2
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The ideal site symmetry of the M2+ ion in the uorite lattice
is Oh. At low dopant ion concentrations, C4v and C3v site
symmetries have been identied. For larger concentrations, the
formation of rare earth enriched clusters was observed.9–11
Eﬀorts have been made to retain the Oh symmetry of the cation,
and a good crystallinity, by co-doping with Li+, Na+ or K+. Apart
from an enhancement of rare earth ions in Oh symmetry,
additional sites of lower, C2v, symmetry were produced.12,13 The
eﬀect on the (optical) properties can be signicant as shown by
Boulon et al. in Yb3+ and Na+/K+ codoped CaF2 crystals.14
In contrast to the well-studied bulk materials (especially
single crystals), reports on nanoscale alkaline earth uorides
doped with lanthanide ions or co-doped with lanthanide and
alkali ions are scarce. The impact of the nanometer size regime
on the particles' properties was demonstrated in a great variety
of materials.15–17 Diverse measurable quantities as for instance
the band gap, the conducting and luminescent properties can
be aﬀected.18 Previously we reported on nanouorides synthe-
sized from ionic liquids (IL) with outstanding luminescent
properties.19–21 Ionic liquids are excellent media for nano-
particle synthesis due to their unique stabilizing properties that
rely on eﬃcient electrostatic and steric stabilization. A fast and
facile reaction procedure to impurity-free lanthanide uorides
in the microwave oven taking advantage of the extraordinary
microwave susceptibility of ILs was developed by us.22 The ionic
liquid not only acts as a solvent and stabilizer, but also as a
reactant providing the uoride ion under decomposition at
elevated temperatures. The universal application of this method
was proven with the preparation of highly doped alkaline earth
nanouorides.23 Therein, small particles of 5–20 nm size,
depending on the reaction conditions, were obtained.
The aim of the work presented here is to study the eﬀect of
alkaline metal and rare earth metal co-doping on the structural,
morphological and optical characteristics of the nanoparticles,
in order to gure out the best property–performance correla-
tion. To gain further insights into the structure and charge
compensation mechanisms of the present materials, solid state
NMR results are reported on nanocrystalline CaF2 samples in
which the Gd3+ and Eu3+ ions are replaced by diamagnetic La3+,
to avoid line broadening eﬀects due to paramagnetic interac-
tions and to introduce the 139La isotope as an additional NMR
probe. As NMR is an element-selective method sensitive to the
details of local environments, it is well-suited for distinguishing
diﬀerent local environments present in crystalline solid solu-
tion systems. 19F-magic angle spinning (MAS)-NMR was previ-
ously used for proving the random character of isovalent
substitution in the CaF2–SrF2 (ref. 24) and the CaF2–BaF2
systems.25 In contrast, clear segregation and clustering
phenomena were observed in the PbF2–CdF2 system.26
Furthermore, a detailed 19F MAS NMR study by Wang and Grey
showed that aliovalent substitution in the CaF2–YF3 system
creates multiple uoride environments.27 The quantitative
concentrations of these environments have been discussed in
relation to various defect cluster models originating from the
necessary creation of interstitial uoride ions owing to charge
balancing constraints.28–30 In the present study we present
multinuclear NMR results on a series of CaF2 nanoparticles co-
doped with NaF and LaF3. The results are compared to those of
the corresponding singly doped (with NaF and LaF3 only)
materials and discussed in relation to the dopant distribution
and the uoride local environments in these samples.
Experimental
Synthetic procedures
Synthesis and sample handling were carried out under standard
Schlenk and Argon-glove box techniques. 1-Methylimidazole
(99%, redistilled, Sigma Aldrich), chlorobutane (99%, Acros),
acetonitrile (99.5%, J. T. Baker), sodium tetrauoroborate (98%,
Aldrich), dichloromethane (99.9%, Fisher Scientic), ethylene
glycol (99%, J. T. Baker) and ethanol (p.a., Sigma Aldrich) were
used as received. Barium acetate (99%), calcium acetate
(99.9%), lithium acetate (98%), sodium acetate (98%), potas-
sium acetate (99%), gadolinium acetate tetrahydrate (99.9%)
and europium acetate hydrate (99.99%) were purchased from
ABCR.
1-Methyl-3-butylimidazolium tetrauoroborate, [C4mim][BF4]
The ionic liquid [C4mim][BF4] was synthesized in a two-step
procedure with the quaternization of 1-methylimidazole and
chlorobutane followed by an anion exchange reaction with
NaBF4. The reaction follows a common procedure and was
described elsewhere.19
Nanoparticles
In a typical reaction the appropriate amounts of the acetate
(hydrate) precursors were rst dissolved in ethylene glycole and
then mixed with an excess of [C4mim][BF4]. In a 10 ml glass
vessel equipped with a Teon septum, the reaction mixture was
heated for 10 min at 120 C in a single-mode microwave oven
(2455 MHz, CEM Discover, Kamp-Lintfort, Germany). Aer
cooling to room temperature by means of pressurized air, the
obtained colloidal solution was centrifuged. The reaction
product was washed several times with an ethanol–dichloro-
methane mixture. Finally, the colorless powder was dried at
70 C.
Methods
Luminescence measurements. Fluorescence and lifetime
measurements were carried out on a Fluorolog FL 3-22 spec-
trometer (Horiba Jobin Yvon, Unterhachingen, Germany). A
continuous xenon lamp with 450 W for uorescence and a
pulsed xenon lamp for lifetime measurements (decay by delay)
was applied. Double gratings for the excitation and emission
spectrometer are used as monochromators. A photomultiplier
detects the signal. For measurement, powdered samples were
lled in silica tubes and carefully positioned in the incoming
beam in the sample chamber. For measurements at liquid
nitrogen temperature (77 K), a Dewar equipped with optical
glass windows was used.
Powder X-ray diﬀraction. The powder X-ray diﬀraction
measurements were carried out on a G670 diﬀractometer with
an image plate detector (Huber, Rimsting, Germany) operating
9440 | J. Mater. Chem. C, 2014, 2, 9439–9450 This journal is © The Royal Society of Chemistry 2014
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with MoKa radiation. The lattice parameters were rened with
the program WinXPow (Stoe, Darmstadt, Germany).
Synchrotron radiation measurements. VUV spectroscopic
measurements with synchrotron radiation were undertaken on
beamline I (SUPERLUMI station) at the Hamburger Synchro-
tronstrahlungslabor (HASYLAB), Deutsches Elektronensynch-
rotron (DESY), Germany. For more information see http://
hasylab.desy.de/facilities/doris_iii/beamlines/e6259/
index_eng.html or ref. 31 and 32.
Transmission electron microscopy. Transmission electron
microscopy was carried out on a Tecnai G2 20 X-Twin TEM (Fei,
Hillsboro, USA) equipped with a Penta FET EDX detector
(Oxford Instruments, UK). An acceleration voltage of 200 kV was
applied. To prepare the samples, a suspension of the sample in
ethanol was dropped on a copper grid coated with carbon and
then dried in air.
Solid state nuclear magnetic resonance. The solid state NMR
measurements were carried out on Bruker spectrometers
equipped with 2.5 mm and 4 mm single and double resonance
NMR probes. The resonance frequencies at 11.74 T were 470.385
MHz for 19F, 132.256 MHz for 23Na and 70.631 MHz for 139La
respectively. 23Na-NMR-experiments were also carried out at
9.40 T (105.805 MHz) while the 19F-MAS-NMR-spectra were
recorded at a lower magnetic ux density of 4.70 T (188.154
MHz). Chemical shis are reported relative to 1 M NaCl
aqueous solution (23Na) and 1M LaCl3 aqueous solution (
139La),
respectively. AlF3 (172 ppm vs. CFCl3) was used as a secondary
reference for 19F-NMR-experiments. 139La-MAS-NMR-spectra
were recorded at diﬀerent MAS-spinning frequencies (0–30 kHz)
using the Hahn spin echo sequence with typical 90 pulse
lengths ranging from 3.3 to 3.6 ms corresponding to a nutation
frequency of 69.4–75.8 kHz (all nutation frequencies are given
directly for the solid samples). 3105 to 11105 FIDs were
accumulated with a recycle delay of 0.05–0.1 s. A recycle delay of
20 s was found to be suﬃcient for a quantitative analysis of the
23Na-MAS-NMR-spectra. 64–256 FIDs were collected at a spin-
ning frequency of 14.00 kHz using a 90 pulse length of 1.7 ms
that corresponded to a nutation frequency of 147.1 kHz. 23Na
Hahn spin echo decay measurements were carried out at 200 K
under static conditions using a 90 pulse length of 8.0 ms
(nutation frequency of 31.3 kHz) and a recycle delay of 1 s aer a
saturation comb. 320–704 FIDs were accumulated. To correct
the 19F-MAS-NMR-spectra for the background signal caused by
the probe interior, the spectra were recorded using a diﬀerence
method. For each sample two experiments were conducted with
a saturation comb followed by a recycle delay of 100 ms and 20–
200 s respectively. While the background signal, due to a short
apparent T1 relaxation time, appears with full intensity aer a
100 ms delay time, the sample signal does not show any inten-
sity. Therefore it is possible to obtain the corrected spectrum by
subtracting the background signal from the spectrum that was
acquired with the appropriate recycle delay. This way it is
possible to avoid the use of an echo experiment that could
reduce the quantitative character of the NMR-experiment
especially in case of strong homonuclear dipole–dipole
couplings. 1024–2800 FIDs were accumulated for each sample
at a spinning frequency of 30.00 kHz using a 90 pulse length of
5.0 ms that corresponded to a nutation frequency of 50.0 kHz.
The heteronuclear dipole–dipole interaction was probed by a
19F{23Na} rotational echo double resonance (REDOR)-NMR-
experiment. 128 FIDs were accumulated with a recycle delay of
10 s following a saturation comb. The rotor synchronized 19F
spin echo was recorded using a 90 pulse length of 3.4 ms at a
nutation frequency of 73.5 kHz. Recoupling of the hetero-
nuclear dipole–dipole interaction was achieved by 180–pulses
of 2.7 ms length (nutation frequency of 185.2 kHz). Simulation of
the NMR spectra was done using the DMFIT program package.33
Results and discussion
The eﬀect of charge compensation in RE3+ (RE¼ Eu, Gd) andM+
(M ¼ Li, Na, K) co-doped BaF2 nanoparticles was studied by
examining two potential factors of inuence: (a) the alkali metal
cation (Na+) concentration and (b) the type of alkali cation (Na+
vs. Li+ or K+). Na+ has an ionic radius of 1.32 A˚ and is thus of
comparable size to Ca2+ or La3+. Thus, it may be valid to assume
Table 1 BaF2: M
+ x%, Gd3+ (x  1)%, Eu3+ 1% compositions studied
Host Gd3+/% Eu3+/% M+ ion M+/%
BaF2 5 1 Na
+ 6
BaF2 15 1 Na
+ 16
BaF2 25 1 Na
+ 26
BaF2 5 1 Li
+ 6
BaF2 5 1 K
+ 6
Host La3+/% Na+/%
CaF2 15 15
CaF2 10 10
CaF2 5 5
CaF2 2 2
CaF2 15
CaF2 15
Fig. 1 Powder X-ray diﬀraction patterns of samples with diﬀerent
concentrations of Gd3+/Na+ co-doped into BaF2 and comparison with
the simulated diﬀraction pattern for BaF2.
This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. C, 2014, 2, 9439–9450 | 9441
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a substitution of the alkaline earth metal ions by the alkali
metal ion. Li+ is with an ionic radius of 1.06 A˚ by far the smallest
monovalent metal cation. On the other side, K+ is with 1.65 A˚
the largest ion used for the preparation of the BaF2: M
+, Gd3+,
Eu3+ nanomaterials herein. The overall lanthanide ion
concentration (Gd3+ + Eu3+) was kept equal to the alkali metal
ion concentration to allow for an optimum charge compensa-
tion according to BaF2: M
+ x%, Gd3+ (x 1)%, Eu3+ 1%. The Eu3+
concentration is kept at 1% to ensure both similar optical
behavior and eﬃcient energy transfer, and to avoid concentra-
tion quenching. A list of the samples is given in Table 1.
Powder X-ray diﬀraction
The powder X-ray diﬀraction patterns of the BaF2: Na
+, Gd3+,
Eu3+ samples with various dopant concentrations are displayed
in Fig. 1. The cubic uorite lattice is retained in all cases irre-
spective of the dopant concentration or the identity of the
monovalent alkali metal ion. This is particularly interesting in
the sample with dopant concentrations of 26% Na+, 25% Gd3+
and 1% Eu3+, where the overall amount of dopant ions is larger
than that of the Ba2+ host cations. However, a signicantly
enhanced broadening of the reections is observed when
increasing the dopant concentrations from 6% to 16% and 26%
Na+.
Apart from the broadening, a systematic change in the lattice
parameters is observed as anticipated from the ionic radii (see
Tables 2 and 3). The BaF2: Gd
3+ 5%, Eu3+ 1% particles co-doped
with 6% Li+, Na+ or K+ (6.164 A˚, 6.153 A˚ and 6.156 A˚, respec-
tively) have a lattice parameter in the expected range, similar to
the lattice parameters of BaF2: Gd
3+ 5%, Eu3+ 1% where no co-
dopant alkali metal M+ ions (6.159 A˚) are present. Astonish-
ingly, amongst all, the Li+ co-doped material exhibits the largest
lattice parameters, which seems to be in contradiction to the
small ionic radius of Li+. As expected, an increase of the overall
dopant concentration (Na+ together with Gd3+ and Eu3+) leads to
reduced lattice parameters, which are close to the values
obtained for the materials without Na+ codoping.23 Specically,
the lattice parameter a amounts to 6.147 A˚ for BaF2: Gd
3+ 15%,
Eu3+ 1% (compared to BaF2: Na
+ 16%, Gd3+ 15%, Eu3+ 1% with
a ¼ 6.146 A˚) and 6.135 A˚ for BaF2: Gd3+ 25%, Eu3+ 1% (to be
compared with BaF2: Na
+ 26%, Gd3+ 25%, Eu3+ 1% with a ¼
6.136 A˚). Hence, the lattice parameter appears insensitive to co-
doping by M+ ions, which indicates that the structure is not
signicantly aﬀected and the M2+ ions of the host lattice get
cooperatively replaced by both, M+ and M3+. In case of inter-
stitial M+ ions (which are likely to be found in the tetrahedral
voids provided by the anion lattice), the lattice parameter
would be expected to change sensitively due to the diﬀerence in
ionic radii. Thus, as Na+ has a similar ionic radius as Gd3+ and
Eu3+, a coupled substitution mechanism, where Ln3+ and Na+
ions are randomly substituting Ba2+ ions, appears to be
likely. Such a mechanism should lead to a monotonic
decrease of the lattice parameter with increasing dopant
concentration as the dopant ions have a sizeably smaller radius
than Ba2+.
The powder X-ray diﬀraction patterns of doped MF2: LaF3
x%, NaF x% (M ¼ Ca, Ba) samples are given in the ESI.† These
samples containing the non-magnetic La3+ (in contrast to
magnetic Eu3+ and Gd3+) were prepared to allow for in-depth
NMR studies. All materials crystallize in the cubic uorite
lattice, with no evidence for secondary phases. The corre-
sponding lattice parameters are listed in Table 4. Noticeably,
the lattice parameters of the CaF2 and BaF2 nanocrystals solely
doped with Na+ (5.469 A˚ and 6.192 A˚) are close to the lattice
parameters of the database CaF2 and BaF2 materials (5.4631 A˚
Table 2 List of ionic radii for coordination number 8 for the cation and
4 for ﬂuoride as observed in the ﬂuorite structure34
Ion Ionic radius/A˚
Ba2+ 1.56
Ca2+ 1.26
F 1.17
La3+ 1.30
Gd3+ 1.19
Eu3+ 1.21
Li+ 1.06
Na+ 1.32
K+ 1.65
Table 3 Calculated lattice parameter a and cell volume (Volcell) of the
synthesized BaF2: M
+, Gd3+, Eu3+ particles. The uncertainties amount
to 0.001 or lower
Sample a/A˚ Volcell/A˚
3
BaF2: Na
+ 6%, Gd3+ 5%, Eu3+ 1% 6.153 232.969
BaF2: Na
+ 16%, Gd3+ 15%, Eu3+ 1% 6.146 232.030
BaF2: Na
+ 26%, Gd3+ 25%, Eu3+ 1% 6.136 230.700
BaF2: Li
+ 6%, Gd3+ 5%, Eu3+ 1% 6.164 234.161
BaF2: K
+ 6%, Gd3+ 5%, Eu3+ 1% 6.156 233.270
Table 4 Calculated lattice parameters and cell volume of the AF2: Na
+
15% and AF2: Na
+, La3+ particles (A ¼ Ba, Ca) with various dopant
concentrations. The uncertainties amount to 0.001 or lower
Sample a/A˚ Volcell/A˚
BaF2 6.200 238.328
BaF2: La
3+ 15% 6.131 230.459
BaF2: Na
+ 15% 6.192 237.460
BaF2: Na
+ 2%, La3+ 2% 6.187 236.791
BaF2: Na
+ 5%, La3+ 5% 6.186 236.716
BaF2: Na
+ 10%, La3+ 10% 6.174 235.402
BaF2: Na
+ 15%, La3+ 15% 6.148 232.382
CaF2 5.463 163.040
CaF2: La
+ 15% 5.501 165.379
CaF2: Na
+ 15% 5.469 163.603
CaF2: Na
+ 2%, La3+ 2% 5.467 163.398
CaF2: Na
+ 5%, La3+ 5% 5.500 166.375
CaF2: Na
+ 10%, La3+ 10% 5.492 165.650
CaF2: Na
+ 15%, La3+ 15% 5.541 170.124
9442 | J. Mater. Chem. C, 2014, 2, 9439–9450 This journal is © The Royal Society of Chemistry 2014
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and 6.2001 A˚,35 renements of synthesized pure materials yiel-
ded 5.4634 A˚ and 6.2000 A˚, respectively). No decrease of the
lattice parameter was observed in Na-doped BaF2 although the
Na+ ion is considerably smaller than the Ba2+ ion. This may
suggest a failure of the incorporation of the Na+ ions into the
cubic BaF2 lattice. Indeed only a very weak
23Na solid state NMR
signal was observed in these samples (vide infra).
Transmission electron microscopy
To study the particle size and morphology of the synthesized
material, transmission electron microscopy has been carried
out. Representative micrographs are depicted in Fig. 2. The
morphology of the synthesized alkali ion co-doped material
(BaF2: M, Gd, Eu) resembles the respective material without M
+
co-doping (BaF2: Gd, Eu). The morphology of the alkali metal
Fig. 2 Representative TEM micrographs and electron diﬀraction of the BaF2: Na x%, Gd (x  1)%, Eu 1% particles.
Fig. 3 Emission spectra excited at lex¼ 393 nm of BaF2: Na+, Gd3+, Eu3+ particles with various dopant concentrations showing orange-red Eu3+
emission. The spectra were recorded at room temperature (left) and at 77 K (right).
This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. C, 2014, 2, 9439–9450 | 9443
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cation co-doped materials is similar to those without M+. The
BaF2: M
+ 6%, Gd3+ 5%, Eu3+ 1% particles (M¼ Li, Na, K) consist
of two-dimensional plates tangled in each other as observed
before for the BaF2: Gd
3+ 5%, Eu3+ 1% material.23 The plate-like
agglomerations consist of small particles with amean size of 9.9
 1.8 nm and 9.2  1.8 nm for the 5% Na+ and Li+ co-doped
material, respectively.
At higher dopant concentrations (BaF2: Na
+ 26%, Gd3+ 25%,
Eu3+ 1%), particles with an average size of 9.1  1.8 nm were
obtained. The particle morphology is diﬀerent in the highly
concentrated sample. The particles cluster together yielding
spherical, three-dimensionally dense agglomerations, which is
again consistent with the morphology obtained for the solely
25% Gd3+ and 1% Eu3+ co-doped BaF2 material. Nevertheless, a
diﬀerence between the M+ co-doped and M+ free nanoparticles
emerges from electron diﬀraction. Even at an overall dopant
concentration of 52% (BaF2: Na
+ 26%, Gd3+ 25%, Eu3+ 1%) a
single crystalline diﬀraction pattern is observed in the materials
doped with M+ ions, whereas in the M+-free particles, the
material showed a polycrystalline character particularly with
high dopant concentrations.
Luminescence
The photo-physical properties of the synthesized materials were
studied by luminescence spectroscopy. The room and low
temperature emission spectra (lex ¼ 393 nm) of the BaF2: Na+,
Gd3+, Eu3+ particles with various dopant concentrations are
depicted in Fig. 3. Orange-red Eu3+ emission originating from
5D0,1/
7FJ can be observed, whereas no Gd
3+ emission (which
would occur around 310 nm) was monitored. Although all
samples show similar emission features purely originating from
Eu3+, slight changes in the crystal eld splitting with changing
the dopant concentration are noticeable. Interestingly, the
splitting is identical to those of the corresponding Na+ free
materials as far as it can be judged despite the broad lines.
Amongst all, the 5% Gd3+ and 1% Eu3+ co-doped BaF2 particles
(with and without 6% Na+ co-doping) are signicantly diﬀerent
from the particles with Gd3+ concentrations of 15% and 25%
(each with and without corresponding Na+ co-doping). The
relative intensities of the emission originating from 5D1 in
comparison to 5D0 change. With increasing dopant concentra-
tions, the relative intensity of the 5D1/
7FJ emission increases,
which is in agreement with the previously reported results on
the Na+-free particles. There, a dilution of the Eu3+ ions among
the Gd3+ ions was given as an explanation which equals a lesser
extent of concentration quenching. In addition, the relative
intensity of the 5D0/
7F1 with respect to the
5D0/
7F4 tran-
sition diﬀers. In fact, the 5D0 /
7F4 transition shows an
abnormally high intensity, which was previously reported to be
due to slight distortions in highly polarizable environments.36
However, the origin of this high intensity in the sample herein
remains unsolved.
The emission spectra of the BaF2: M
+ 6%, Gd3+ 5%, Eu3+ 1%
particles with diﬀerent chemical identity of the monovalent M+
ion are given in Fig. 4. In fact, all emission spectra are identical,
with respect to the relative intensity of the 5D1 emission and
particularly the crystal eld splitting. This indicates that the
Eu3+ ion is residing in the same symmetry and coordination
site.
The excitation spectra of all synthesized materials are given
in the ESI.† They resemble the respective spectra of the M+-free
Fig. 4 Emission spectra excited at lex ¼ 393 nm of BaF2: M+, Gd3+, Eu3+ particles with M ¼ Li, Na, K. The spectra were recorded at room
temperature (left) and at 77 K (right).
Table 5 Luminescent lifetimes s (lex ¼ 393 nm, lem ¼ 590 nm) of the
synthesized BaF2: M
+, Gd3+, Eu3+ particles recorded at room
temperature (rt) and at liquid nitrogen temperature (77 K)
Sample
s
(rt)/ms
s
(77 K)/ms
BaF2: Na
+ 6%, Gd3+ 5%, Eu3+ 1% 15.5 16.8
BaF2: Na
+ 16%, Gd3+ 15%, Eu3+ 1% 15.9 17.4
BaF2: Na
+ 26%, Gd3+ 25%, Eu3+ 1% 14.7 16.3
BaF2: Li
+ 6%, Gd3+ 5%, Eu3+ 1% 16.1 17.1
BaF2: K
+ 6%, Gd3+ 5%, Eu3+ 1% 14.9 15.2
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particles: the Gd3+ lines dominate the spectra, which suggests
eﬃcient Gd3+/ Eu3+ energy transfer.
Lifetimes
The luminescent lifetimes exciting directly into Eu3+ (lex ¼ 393
nm, lem ¼ 590 nm) are given in Table 5. Mono-exponential
decay was observed for all samples. The lifetimes do not change
signicantly with increasing the dopant concentration or
changing the M+ ion (the error amounts to about 5%). They
resemble the lifetimes determined for the M+-free particles
(15.1–15.8 ms) with high dopant concentrations. However, the
room temperature lifetime of the BaF2: Gd
3+ 5%, Eu3+ 1%
material amounts to 18.1 ms, which is signicantly longer than
the values obtained here for the M+ co-doped material.
VUV spectroscopy
To study the quantum cutting abilities, VUV excited emission
spectra were recorded according to a common procedure.37,38
For this, the powdered samples are excited into Gd3+ levels
at two diﬀerent wavelengths. The obtained spectra excited at
6GJ)
8S (lex¼ 202 nm), where quantum cutting is possible and
at 6IJ)
8S (lex¼ 274 nm) transition, where no quantum cutting
can occur, are displayed in Fig. 5. It is important to notice that
although exciting into Gd3+, only Eu3+ emission is recorded due
to eﬃcient energy transfer. In all materials and irrespective of
the dopant concentration or the chemical identity of the M+ ion,
quantum cutting occurs with a very high eﬃciency close to the
theoretical limit of 200%. The largest value of 199% has been
obtained for BaF2: Na
+ 16%, Gd3+ 15%, Eu3+ 1%; while the Na+-
free counterpart exhibits a quantum cutting eﬃciency of only
172%. This constitutes a signicant increase of 27%. Hence, the
M+ co-doped BaF2: Gd
3+, Eu3+ particles represent substantially
improved quantum cutting materials.
The results obtained from luminescence spectroscopy are
consistent with the observations retrieved from X-ray diﬀrac-
tion. Two possible models can explain the obtained data.
Firstly, the monovalent alkali ions have not been (or only to a
small extent) incorporated into the BaF2 lattice at all. This
would explain the comparable lattice parameters, particle size
and morphology of hypothetically M+ doped and non-doped
samples, and particularly the identical emission spectra even
when exchanging the diﬀerently sized M+ ions in comparison to
the M+-free particles. However, the close to 100% yield of the
particle synthesis contradicts this hypothesis, particularly as no
evidences for LiF, NaF or KF phases have been observed in the
XRD patterns.
Secondly, a coupled substitution mechanism as described in
the introduction, wherein the M+ ion substitutes a Ba2+ ion in
nearest neighbor cubic coordination to the Eu3+ ion, may
Fig. 5 Room temperature emission spectra of BaF2: M
+, Gd3+, Eu3+ particles excited via 6GJ)
8S (lex¼ 202 nm) and 6IJ) 8S (lex¼ 274 nm) to
check for quantum cutting abilities. The spectra are normalized on the 5D1 emission and the calculated quantum cutting eﬃciencies are given in
the right top corner.
Fig. 6 23Na-MAS-NMR-spectra of four diﬀerent sodium containing
CaF2-samples.
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explain the data in accordance with the similar sizes of the Na+,
Gd3+ and Eu3+ ions. Particularly at a high doping level of up to
25% Gd3+, such a coupled substitution mechanism might lead
to a higher crystallinity as a large number of interstitial uoride
ions would severely disturb the lattice order. The single crys-
talline electron diﬀraction patterns support this assumption. In
addition, the lifetime of the BaF2: Na
+ 6%, Gd3+ 5%, Eu3+ 1%
particles is shortened in comparison to the Na+-free counter-
part, which further backs this nding. To conrm that a coop-
erative charge compensation mechanism is taking place by
substituting jointly divalent alkaline earth cations by mono-
valent alkali metal and trivalent lanthanide ions in the uorite
lattice, solid state NMR spectroscopic studies were carried out
on CaF2: La x%, Na x% materials in order to prevent interac-
tions of the paramagnetic Gd.
Solid-state NMR
Fig. 6 shows the 23Na-MAS-NMR-spectra of four diﬀerent CaF2
based samples. These spectra prove that sodium ions are
indeed incorporated into the lattice and the obtained intensity
per scan conrms that the amount of sodium increases with
increasing sodium content provided in the synthesis. In
contrast, only very weak 23Na-NMR signals of the doped BaF2
samples could be obtained, indicating that Na+ incorporation
was less successful, which is in accordance with the X-ray
powder diﬀraction data.
The spectrum of the singly doped CaF2: 15% Na sample is
the only one that shows a minor resonance at 7.2 ppm that can
be attributed to residual NaBF4 from the synthesis. This sample
also shows a 1H-MAS-NMR-spectrum (see ESI† Section) that
identies the ionic liquid starting material as an impurity. The
spectra of all the samples are dominated by a peak centered
around 11 ppm. This gives strong evidence that only one type
of sodium site is present in the lattice and that its chemical
environment is the same in all the samples under study. The
center of gravity in the co-doped samples is shied to slightly
lower frequencies as the degree of doping is increased. Also,
there is a slight chemical shi diﬀerence between the CaF2: Na
+
15% and the CaF2: Na
+ 15%, La3+ 15% samples suggesting that
the sodium ions experience the presence of the RE-ions in the
lattice as well. The absence of any notable inuence of second
order quadrupolar perturbation eﬀects on the 23Na-MAS-NMR
line shape indicates that the sodium atoms must be located in a
highly symmetric environment that is most likely the cubic site
of the alkaline earth ions they replace. This is in agreement with
the information obtained from X-ray powder diﬀraction, indi-
cating no signicant change in lattice parameter.
Finally, the 23Na spin echo decay rates of CaF2: Na 15% and
CaF2: Na 15%, La 15% samples are found to be identical within
experimental error, which is consistent with similar spatial
distributions of the Na+ ions in both materials (see ESI†
Section).
Fig. 7 depicts the static 139La-NMR-spectra for the CaF2
nanocrystals that were either singly doped with 15% La3+or co-
doped with 15% La3+ and 15% Na+. The spectra suggest that the
La3+ environments are essentially the same in the doped and
Fig. 7 Static 139La-NMR-spectra of the singly and doubly doped CaF2
nanocrystals containing 15% La.
Fig. 8 19F-MAS-NMR-spectra and corresponding lineshape decon-
volution for singly doped CaF2: Na
+ 15%.
Fig. 9 19F-MAS-NMR-spectra and corresponding lineshape decon-
volution for singly doped CaF2: La
3+ 15%.
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the co-doped samples. The relatively symmetric line shapes
suggest weak quadrupolar coupling as expected for a slightly
distorted pseudo-cubic coordination environment, which is
expected if La3+ occupies the cation sites in the uorite lattice.
More detailed information about the local environments are
accessible through 19F-MAS-NMR-experiments. Results were
obtained both on samples doped exclusively with Na+ and La3+
as well as on co-doped samples. Fig. 8 shows the 19F-MAS-NMR-
spectrum of the CaF2 sample doped with 15% Na
+. The spec-
trum can be tted using two signal components. One main
resonance is centered at107 ppm, the frequency found for the
corresponding undoped material, and a second signal compo-
nent near 114 ppm (labeled F0 in Fig. 8), which may be
attributed to uoride ions that have at least one sodium atom in
the rst coordination sphere. In addition, a minor resonance in
the range of 140 to 155 ppm is visible, which can be attrib-
uted to residual uoride from the ionic liquid precursor. No
signal of a separate NaF phase can be found (which would be
expected at224 ppm), and its formation can thus be ruled out.
The fractional signal area of the unperturbed resonance
representing the regular uoride sites is 0.7. For a statistical
distribution of Na over the CaF2 lattice, a fractional area of
(0.85)4 ¼ 0.52 would be expected. The deviation from this result
is consistent with the idea of some clustering of the sodium ions
(see further discussion below).
The 19F-MAS-NMR-spectra of the CaF2 nanocrystals doped
with 15% La3+ are depicted in Fig. 9. Multiple resonances are
observed. Table 6 summarizes the results from the peak
deconvolutions. Again the dominant signal at109 ppm can be
assigned to those 19F nuclei belonging to the unperturbed host
lattice itself, and are thus exclusively surrounded tetrahedrally
by Ca2+ ions. For the assignment of the other resonances we
follow the study of Wang and Grey, who published analogous
19F-MAS-NMR data for Y-doped polycrystalline CaF2 samples.27
In that study, aliovalent doping with Y3+ was shown to give rise
to four 19F resonances, which were assigned in relation to
various defect cluster models.28–30 Two distinct interstitial
uoride sites, labeled F1 and F2, both of which have two Y
3+
nearest neighbors, a perturbed regular site F3, which is slightly
displaced from its regular lattice site position, owing to the
interaction with one Y3+ nearest neighbor, and the normal site
Fn that is unperturbed by the proximity of any dopant ion. The
spectrum of our CaF2: 15% LaF3 sample shows a similar general
appearance. Besides the “regular” signal near 109 ppm, two
broad signals at 70 and 31 ppm are found. The rst one can
be considered analogous to that of the F3 site and is thus
Table 6 19F-MAS-NMR lineshape deconvolution parameters for the
CaF2-nanocrystals under study
Sample Signal d  0.2/ppm
FWHM 
0.2/ppm
Area 
0.5/%
CaF2: Na
+ 15% Fn 107.1 7.9 69.8
F0 113.9 23.2 30.2
F3 — — —
F1,2 — — —
CaF2: La
3+ 15% Fn 109.0 8.6 68.5
F0 — — —
F3 70.0 30.8 24.9
F1,2 31.1 51.6 6.6
CaF2: Na
+ 15% La3+ 15% Fn 108.4 10.1 45.8
F0 117.0 20.6 14.5
F3 66.5 30.0 25.5
F1,2 31.6 57.3 14.2
CaF2: Na
+ 10% La3+ 10% Fn 107.7 8.9 71.3
F0 116.7 19.0 9.7
F3 61.5 31.0 8.9
F1,2 27.0 60.45 10.1
CaF2: Na
+ 5% La3+ 5% Fn 108.1 8.9 84.6
F0 116.2 18.3 4.7
F3 62.1 27.7 9.3
F1,2 37.6 26.73 1.4
CaF2: Na
+ 2% La3+ 2% Fn 107.6 8.3 92.8
F0 114.4 20.3 2.6
F3 58.8 26.7 4.6
F1,2 — — —
Fig. 10 19F-MAS-NMR-spectra recorded in dependence of the degree
of co-doping for the CaF2 nanocrystals.
Fig. 11 19F-MAS-NMR-spectrum and deconvolution of the experi-
mental line shape for CaF2: Na
+ 15%, La3+ 15%.
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tentatively attributed to uoride ions next to one La3+ species,
while the resonance near 31 ppm might be assignable to
interstitial uoride ions, resembling the F1 and/or F2 sites
reported in ref. 26 and having proximity to two lanthanum
species. Based on these assignments, we observe that the signal
displacements relative to Fn are generally larger here than those
in Y-doped CaF2. This eﬀect might be attributable to the fact
that the larger La3+ ion causes stronger structural perturbations
than the Y3+ ion.
Finally, even though the spectrum shows intensity in the
frequency range where the two 19F-resonances of LaF3 resonate
(see ESI†), the characteristic 19F-NMR line shape of this phase
cannot be identied, thus ruling out this kind of secondary
phase formation.
The area fraction of the unperturbed signal Fn signal (69%) is
signicantly higher than that expected for a statistical distri-
bution (52.2%), consistent with clustering. The area ratios can
be compared with the various types of clustering scenarios
examined for Y-doped CaF2,27 and it is found that the
experimentally observed peak intensities are in good agreement
with the h110i F1 pair model.
With the knowledge obtained so far, the spectra of the co-
doped samples can be now discussed. Fig. 10 shows the 19F-
MAS-NMR-spectra as a function of co-doping level, and Fig. 11
shows a deconvolution of the 19F-MAS-NMR-spectrum of the
CaF2: Na
+ 15%, La3+ 15% sample. The deconvolution parame-
ters of all samples are summarized in Table 6.
The spectra of the co-doped compounds appear to be
superpositions of those of the singly doped samples, suggesting
that the structural perturbations observed in the CaF2 lattice are
basically the same for the co-doped and for the singly doped
samples. Again, important structural information is available
from the peak area ratios. If both species were distributed
statistically in the host material, the center signal should
comprise only (0.7)4  100 ¼ 24% of the overall intensity.
Clearly, this is not the case, indicating some extent of clus-
tering. The high frequency signals associated with uorine in
the vicinity of La now comprise 39.7% of the overall signal
intensity while 14.5% of the F have just sodium as a dopant ion
in their rst coordination sphere. Assuming the amounts of Na+
and La3+ to be equal, the question arises, whether the high-
frequency resonances represent, at least in part, uoride ions
that are, besides to La3+, also coordinated to Na+ ions. This
question can be examined on the basis of the heteronuclear
dipole–dipole interaction between 19F and 23Na as probed using
19F{23Na}-REDOR. A handicap encountered with this particular
experiment is the rather strong homonuclear dipolar coupling
between the 19F-spins, which causes the rotor synchronized
spin echo intensity recorded in REDOR to decay rather quickly,
diminishing the signal to noise ratio already at rather short
dipolar evolution times. Nevertheless, a clear result could be
obtained for a dipolar evolution time of 0.9 ms.
Fig. 12 shows that the main resonance near 108 ppm
remains unperturbed, while the intensity of the 117 ppm
resonance is strongly decreased through the 23Na recoupling
eﬀect as expected (DS/S0 ¼ 0.38). The most interesting infor-
mation, however, is the noticeable dephasing of the high
frequency resonance under these conditions (DS/S0 ¼ 0.16),
indeed suggesting that at least part of these uorine atoms are
coordinated by both the La3+ and the Na+ dopant species. We
conclude that in CaF2: Na
+ 15%, La3+ 15% there are a
substantial number of uoride species having both Na+ and
La3+ cations within their rst coordination spheres. Proximal
Na+ and La3+ ions in the uorite lattice do neither require
interstitial uoride ions nor uoride vacancies, thereby opening
up an additional charge balancing mechanism in such co-
doped samples. On the other hand, the sizeable contribution of
the F0 resonance at117 ppm suggests that there are signicant
fractions of uoride species coordinating with La3+ or Na+
alone, indicating that Na+/La3+ co-doping produces no strong
spatial correlations between both species.
Furthermore, a comparison of Fig. 9 with 11 and inspection
of Table 6 reveals the expected behavior that the ratio of the area
of the 32 ppm peak to the area of the 65 ppm peak is
substantially higher in the co-doped sample than in the singly
doped sample. According to our assignment, the32 ppm peak
Fig. 12 Comparison of the 19F-MAS-NMR-spectra obtained on
nanocrystalline CaF2: La 15%, Na 15% by
19F{23Na}-REDOR for a dipolar
recoupling time of 0.9ms (a), and the respective deconvolutions of the
lineshape into individual contributions with and without recoupling of
the hetero nuclear interaction (signal intensities S and S0) (b).
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represents uoride species having two (or more) rare earth ions
within their rst coordination sphere. The increased concen-
tration of these uoride species indicates that in the co-doped
samples, the number of rare earth ions interacting with a
second RE-ion is signicantly higher in the CaF2: Na
+ 15%, La3+
15% sample than in the CaF2: La
3+ 15% sample alone. The more
pronounced proximity of the rare earth ions in the co-doped
sample is in excellent agreement with the experimental obser-
vation that quantum cutting ability is increased through co-
doping. Thus, the NMR results support the idea that co-doping
with alkaline ions opens a new mechanism route for charge
compensation for the RE-ions and enhancing the quantum
cutting performance.
Conclusion
Using a new ionic liquid-based preparation route, alkaline earth
uoride nanoparticles doped simultaneously with trivalent
lanthanide ions and monovalent alkali ions were prepared.
Whilst the lanthanide ions, Gd3+ and Eu3+, served as the optical
active centers allowing for quantum cutting, co-doping with
mono-valent ions allowed to increase the homogeneity of the
material in comparison to materials solely doped with trivalent
ions. The charge compensation mechanism was elucidated by a
multi-analytical approach using powder X-ray diﬀraction, elec-
tron microscopy, electron diﬀraction, luminescence spectros-
copy and various solid state NMR techniques. Specically, 19F
solid state NMR spectra, assisted by 19F{23Na} REDOR experi-
ments allow an identication and quantication of those uo-
ride ions that are coordinated simultaneously to both alkali and
lanthanide ions. NMR data show no evidence for strong Na/La
spatial correlation, but, a tendency towards increased La/La
correlations which is important for the cooperative optical
eﬀect necessary for quantum cutting. In consequence, the
induced charge compensation mechanism by simultaneous co-
doping with rare earth and alkali metal ions favors eﬃcient
quantum-cutting. Amazingly, the rare earth content (cation
content) could be reduced by 94% compared to the typical GdF3:
Eu VUV quantum cutting material while simultaneously
retaining the quantum cutting eﬃciency close to the theoretical
limit (199%).
Abbreviations
AE Alkaline earth
RE Rare earth
IL Ionic liquid
NMR Nuclear magnetic resonance
MAS Magic angle spinning
REDOR Rotational echo double resonance
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